Asbtract 1. Synaptic inputs of rubrospinal (RN) neurons from the cerebral cortex, pretectal area (PRT), and medial lemniscus (ML) were investigated electrophysiologically in the cat. 2. Stimulation of the ipsilateral parietal association cortex (PASO) and secondary sensory area (S11) produced slow-rising about 3 msec rise time monosynaptic EPSPs which were, in some cases, followed by hyperpolarizations, similar to the sensorimotor cortex (SM)-induced PSPs previously observed. Stimulation of the contralateral cerebral cortex never produced detectable PSPs. 3. Topographical arrangement of PASC-rubral projection was found. Stimulation of the lateral part of PASC induced EPSPs predominantly in RN cells innervating the cervicothoracic spinal segments, while stimulation of the medial part of PASC produced EPSPs predominantly in RN cells innervating the lumbosacral cord. Furthermore, PASCinduced EPSPs were more frequently recorded at the rostral half of RN than at the caudal half. 4. Monosynaptic EPSPs and multisynaptic IPSPs were induced by stimulation of the ipsilateral PRT and ML. PRT-and ML-induced EPSPs had times-to-peak of 1.0+0.4 msec (mean ± S.D.) and 1.6±0.5 msec, respectively, which were intermediate to those of the cerebral peduncle (CP)-and nucleus interpositus of the cerebellum (IP)-induced EPSPs. Furthermore, sensitivity of amplitudes of PRT-induced EPSPs to membrane hyperpolarization was intermediate to those of CP-and IP-EPSPs, and that of ML-induced EPSPs was lower than that of IPEPSPs. Therefore, it is likely that synapses of PRT and ML fibers are formed between the distal dendrites where CP-rubral synapses
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PASC-induced
In several studies, it has been suggested that there are other non-SM and non-IP synaptic inputs to RN neurons which terminate between the soma and distal dendrites (TSUKAHARA et al., 1975b; NISHIOKA and NAKAHAMA, 1973; MASSION, 1961; ECCLES et al., 1975b) . Anatomical observations have shown that there are other cortical inputs from the parietal association cortex and secondary sensory area (RINvIK, 1965; MABUCHI and KUSAMA, 1966; MIzuNo et al., 1973) . Furthermore, CAJAL (1909 -1911 described that lemniscal fibers project to the red nucleus, and recent anatomical investigations have shown that pretectal fibers terminate in the red nucleus (GRAYBIEL, 1974; ITOH, 1977) .
The present study attempted to identify synaptic inputs of RN neurons from sources other than IP and SM and to characterize the properties of the synaptic potentials produced by these new inputs in some detail. Attempts were also made to clarify the possible change of these synaptic inputs after destruction of the major synaptic input on the RN cells, the nucleus interpositus of the cerebellum (IP). It will be shown that the association cortex, the pretectal area and the medial lemniscus give excitatory and inhibitory inputs to RN neurons. Further-more, after destruction of the IP, the lemniscal and association cortical increase their transmission efficacy possibly by sprouting.
Some of the present findings have been reported briefly (FuJITO et al., inputs 1978 ).
MATERIALS AND METHODS
Five types of preparations were used; normal (n=28), both SM and IP lesioned (n=6), IP lesioned (n=2), IP and dorsal column nuclei (DCN) lesioned (n=1), and decerebrated (n=1) cats. Chronic operation. Cats were anesthetized with pentobarbitone sodium injected intraperitoneally (35 mg/kg) in chronic operations. In the IP lesion group, DCN lesion group, or decerebration group, the right IP and dentate nucleus, the right DCN or caudal part of the left internal capsule were destroyed electrolytically by the electrodes inserted stereotaxically. Ablation of the left SM was performed by suction under direct vision. Each chronic destruction was performed more than 2 weeks before the acute experiment.
Stimulation and recording. In acute experiments cats were anesthetized with pentobarbitone sodium (35 mg/kg), immobilized by gallamine triethiodide and artificially respirated. Supplemental doses of pentobarbitone and gallamine were injected intravenously as required. The methods of stimulation and recording from RN neurons were essentially the same as those employed previously (TSUKAHARA et al., 1975a) . Bipolar stimulating electrodes made of acupuncture needles, insulated except at the tips, were inserted stereotaxically for stimulation of several sites. The left cerebral cortex was stimulated by those bipolar acupuncture electrodes inserted into a depth of 1.0-1.5 mm from the cortical surface. The arrangement of electrodes for stimulation of the cerebrum are shown diagrammatically in Fig. 1A . RN neurons were identified antidromically by stimulating the contralateral surface of the spinal cord at Cl and Ll segments; RN neurons activated only from Cl were designated as "C-cells" and those activated from Cl and L1, as "L-cells" (TSUKAHARA and KOSAKA, 1968) . Glass microelectrodes, filled with 2M NaCI or 2M K-citrate and having an electric resistance of 6-16 MS2 were used. Intracellular recording was performed on the left RN neurons. In some animals, recording from RN neurons on the right side was done for testing of the crossed cerebro-rubral projection. The degree of lesions and the locations of stimulating electrodes were verified by histological examination after the acute experiments.
The following abbreviations were used in this paper. 1. Cerebral inputs to RN neurons The cerebrorubral projections were investigated in 26 normal cats. Six different cortical areas were stimulated; rostral portion of the parietal association cortex (PASO, anterior part of lateral gyrus, posterior part of anterior suprasylvian gyrus, and anterior part of middle suprasylvian gyrus), secondary sensory area (SII, anterior ectosylvian gyrus), presylvian gyrus (PS), proreus gyrus, supplementary motor area (MII, medial surface of anterior cruciate gyrus), and pericruciate Cerebrally-induced EPSPs had a slow rise time similar to that reported previously for the PCC-EPSPs (TSUKAHARA et al., 1967; TSUKAHARA and KOSAKA, 1968) . Latencies (mean ± S.D.) of the EPSPs induced from PASO, PS, SII, and PCC were 2.1 ±0.6 msec (n=51), 2.1 ±0.8 msec (n=29), 2.6±0.8 msec (n=31), and 1.8±0.4 msec (n=77), respectively. Times-to-peak of the EPSPs from PASO, PS, SII, and PCC were 3.4± 1.1 msec (n=51), 3.3±0.9 msec (n=29), 3.9± 1.5 msec (n=31), and 3.9±1.2 msec (n=77), respectively. PASO-and S11-induced EPSPs were found in cats in which PCC, PS, and anterior suprasylvian gyrus were ablated 2 weeks previously (SM ablated cat). This indicates that PASO-and SII-induced EPSPs are at least partly produced through an independent pathway other than that mediated by SM. Furthermore the PASC-, PS-, and S11-induced EPSPs interfered with CP-EPSPs at short intervals (within 1.5 msec) (partly shown in Fig. 1H -L) by the impulse collision. Therefore, PASC-, PS-, and S11-rubral fibers pass through the CP. In view of the short latency of CP-EPSPs with chronic ablation of the SM, these PASC-, PS-, and S11-induced EPSPs were considered to be produced monosynaptically.
Topographical organization of cerebro-rubral projections. As shown in Fig 1 B-G, each RN cell receives cerebral inputs from a number of different cortical areas and effective sites to produce the EPSPs varied in individual RN cells. We next investigated the somatotopic organization and pattern of projection of these cerebral regions. Anatomical (RINvIK and WALBERG, 1963; MABUCHI and KUSAMA, 1966; POMPEIANO and BRODAL, 1957; MARTIN et a!.,1974) and physiological (TSUKAHARA and KOSAKA, 1968; PADEL et al., 1972 PADEL et al., , 1973 observations confirm that the SM-RN projection is somatotopically organized. The lateral part of SM, forelimb area, projects to C-cells (neurons innervating the cervicothoracic segments) located in the dorsomedial portion of RN, and the medial part of SM projects to L-cells (neurons innervating the lumbosacral segments) located in the ventrolateral portion of RN. Stimulation of the medial part of PASC induced EPSPs predominantly in L-cells (n=27) while a few C-cells (n=5) were also activated. Stimulation of the lateral part of PASC induced EPSPs only in C-cells (n=19) ( Fig. 2A ). There is a general tendency for somatotopy; the C-cells receive inputs from the lateral part of PASC whereas the L-cells receive projection primarily from the medial part. PS-induced EPSPs were found predominantly in C-cells (20 C-cells and 9 L-cells), while 511-induced EPSPs were observed in 18 C-cells and 13 L-cells. The topographical organization of PASC-rubral projection in rostro-caudal orientation was also examined. RN neurons were divided into two arbitrary groups by their reference to the SNIDER-NIEMER (1961) stereotaxic coordinates; one group was set at x>_A 4.0 and the other group was set at x<A 4.0. Of the total number of cells (n=45) in the rostra! RN cell group 26 cells (58 %) received PASC-induced EPSPs, while 25 (35 %) out of 72 cells in the caudal group received PASC-induced EPSPs (Fig. 2B) . Therefore, it appears that PASC-rubral projection tends to be dominant to the rostra! group than to the caudal group (p<0.05). Furthermore, threshold currents to produce PASC-induced EPSP and PCC-induced EPSP were compared in 40 RN neurons. In the rostra! RN cell group, PASC was more effective for inducing EPSPs than SM. In contrast, PASC was less effective in the caudal group than SM (Fig. 2C) . The tendency that PASC input was more predominant than SM input in the rostra! group was statistically significant (p<0.01). As to PS-rubral and 511-rubral projections, no significant topographical organization in the rostro-caudal orientation was found in this study. Because the somatotopical arrangement of PASC-rubral projection was similar in both the rostra! and caudal RN cell groups, it is concluded that the medial part of PASC projects predominantly to L-cells in the rostra! part of RN and the lateral part of PASC projects predominantly to C-cells in the rostra! part of it.
Brain stem inputs to the RN neurons
Synaptic inputs from the pretectal area (PRT, in 7 normal cats) and the medial lemniscus fibers (ML, in 5 normal cats) were investigated. Figure 3A shows EPSPs induced by the ipsilateral PRT stimulation having a short time-to-peak of 1.0 msec and a latency of 0,8 msec. The mean and S.D. of the latencies of the PRT-induced EPSPs were 1.1 ±0.3 msec (n=18) and those of times-to-peak were 1.0+0.4 msec (n=18). Judging from their short latency, these EPSPs are considered to be produced monosynaptically. The mean time-to-peak of PRT-induced EPSPs was significantly shorter than that of the CP-EPSPs (3.2±0.9 msec, n=116) (p <0.0005), and slightly but significantly longer than that of the IP-EPSPs (0.71 +0.23 msec, n=32) (p<0.005). The PRT-induced EPSPs were frequently followed by membrane hyperpolarizations and the hyperpolarizations could be inverted to the depolarizing potential by injecting the hyperpolarizing current (Fig.  3B, C) . Therefore, the membrane hyperpolarizing responses are considered to be IPSPs. The latency of the IPSP in Fig. 3B was 2.2 msec. Figure 4A represents the EPSPs evoked by ML stimulation. The mean and S.D. of latencies of the ML-induced EPSPs were 1.3+0.2 msec (n=17). In view of their short latencies, it is likely that the early part of the ML-EPSPs is produced monosynaptically. The mean time-to-peak of ML-EPSPs, 1.6±0.5 msec (n=17), was intermediate to that of the CP-EPSPs and that of the IP-EPSPs and these differences were statistically significant (p<0.0005). Hyperpolarizing responses also frequently followed the ML-EPSPs and are considered to be IPSPs from the results of the similar experiment of membrane potential displacement as shown in Fig. 4D , E. In 2 cats stimulating electrodes were placed in the contralateral dorsal column nuclei (DCN) which are the origin of the ML fibers. Stimulation of the DCN produced EPSPs (Fig. 4B) followed by hyperpolarizations similar to MLinduced PSPs (not illustrated).
In order to examine whether the PRT-and ML-induced EPSPs were produced by different sources from those of the IP-and the cerebral-induced EPSPs, both the contralateral IP and the ipsilateral SM were destroyed chronically in 4 cats, the contralateral IP was destroyed in one cat, and an ipsilateral decerebration was performed in one cat (Fig. 4C ). In these chronic cats the PRT-induced and the ML-induced EPSPs were produced in RN cells. This indicates that the PRTand ML-induced EPSPs originated from different sources of the cerebellum and the cerebral cortex.
It has been reported that change in amplitudes of the dendritic CP-EPSPs to membrane polarization is smaller than that of the somatic IP-EPSPs (TSUKAHARA and KOSAKA, 1968; TSUKAHARA et al., 1975b) . Similar analysis was made on PRT-and ML-induced EPSPs. The normalized amplitudes of EPSPs to membrane potential displacements were defined as (Vi/V0) x 100 %, where Vi represents the amplitude of EPSP with current injection and Vo represents the mean amplitude of EPSPs with no current injection. The current sensitivities of EPSPs were defined as ((V1-V0)/ V01) x 100 % where I represent the intensity of the injected current. Figure 5A -C represents the effects of membrane potential change on the IP-, CP-, and PRT-induced EPSPs in a RN cell. Figure 5C the normalized amplitudes of these EPSPs against the intensities of the current injections. The slopes of lines labelled by IP, PRT, and CP represent the mean sensitivities of these EPSPs to the hyperpolarizing current. The sensitivity of the PRT-induced EPSPs was significantly lower than that of the IP-EPSPs (p<O.OO5), and significantly higher than that of the CP-EPSPs (p <0.0005). This result, together with the time-to-peak of the EPSPs by the same token used in the previous papers (TsUKAHARA and KosAKA, 1968; TsUKAHARA et al., 1975b) , suggests that the PRT-rubral synapses are located at the more proximal portion of the dendrites than the corticorubral synapses and more distal than the IP-rubral synapses in the RN cell. A similar result for a ML-induced EPSPs is shown in Fig. 5D , E. In this cell the sensitivity of the ML-induced EPSPs was significantly lower than that of the IP-EPSPs (p<0.0005). Therefore, it is indicate that the ML-rubral synapses are located at more distal dendrites than the IP-rubral synapses in the RN cell. The PRT-induced EPSPs were produced in both C-cells (10 cells) and L-cells (8 cells), and ML-induced EPSPs were also produced in both C-cells (9 cells) and L-cells (8 cells).
Appearance of new fast-rising component in PASC-and pyramidal tract-induced EPSPs following partial denervation
It has been reported that SM-rubral fibers sprout and form new synapses on the proximal portion of soma-dendritic membranes of RN neurons and new fastrising SM-EPSPs appear following chronic IP lesion (TsUKAHARA et al., 1974 (TsUKAHARA et al., , 1975a MURAKAMI et al., 1977 MURAKAMI et al., , 1982 TOLBERT et al., 1982) . We examined the sprouting phenomenon of the PASC-rubral projection after chronic destructions of the contralateral IP and the ipsilateral SM. Figure 6A , B shows CP-and PASC-induced EPSPs in a cat with the chronic IP and SM lesions. In this cat the CP-EPSPs had dual peaks of a fast-rising component superimposed on the normal slow-rising component as previously reported (Fig. 6A) (TsUKAHARA et al., 1974 : MURAKAMI et a!.,1977 . Figure 6B illustrates PASC-induced EPSPs having a new fast-rising time component of about 1.5 msec superimposed on the normal slow-rising component. On analogy with similar findings of SM-EPSPs after destruction of IP in the previous studies, it is likely that this new component of PASC-induced EPSPs is due to the sprouting which forms new synapses on the proximal portion of the soma-dendritic membrane of RN neurons.
A possibility of sprouting of collateral fibers of the pyramidal tract on RN neurons after IP lesion was also examined. In a cat with both IP and DCN lesions, EPSPs induced by stimulation of the pyramidal tract had a fast-rising component superimposed on the normal slow-rising one (Fig. 6E ), which were similar in shape to CP-EPSPs in the same cat (Fig. 6D) . In view of the appearance of the dual peaked CP-EPSPs in the IP lesioned cats, it appears that the collateral fibers to RN neurons of the pyramidal tract also sprout and form new synapses at the proximal portion of soma-dendritic membrane of RN cells following IP and 4. Increase in transmission of ML-rubral synapse after the chronic IF lesion It was shown that ML-rubral synapses are located on the dentrites of RN cells in the above section. We examined the possibility that ML fibers sprout and form new synapses after the chronic IP destruction of corticorubral fibers. Figure  7C , D shows ML-induced EPSPs in a RN cell of the cat with IP lesions which were characterized with a shorter time-to-peak of 1 msec. Since the normal ML-induced EPSPs (Fig. 7B) have a relative short time-to-peak (1.6 msec in the mean value), and there is some overlap in the time-to-peak of ML-and IP-EPSPs, the small difference of rise time of ML-induced EPSPs between the intact and the IP-lesioned cats was difficult to evaluate. However, effectiveness of ML stimulation to induce the extracellular unit spike of RN cells clearly increased after the IP lesion. Single stimuli applied to the ML excited only 5 RN units out of 112 RN units in 3 normal cats. In contrast, 50 RN cells out of 56 RN cells were ex- cited in 3 cats with IP and SM lesions. One possible mechanism is that MLrubral fibers sprout and form new synapses following chronic IP destruction ( Fig.  7A ) (see DrscussroN).
Cortical inputs.
DISCUSSION
In agreement with the histological findings the present results show that PASC projects to the rubrospinal (RN) neurons. OKA et al. (1979) have shown that PASC projects to parvocellular red nucleus (RN). The present results extend their finding to the RN neurons which send their axons to the spinal cord. It has been shown that the lateral portion of PASC projects to the dorsomedial portion of the predominantly rostral part of RN, whereas the medial portion of PASC projects to the ventrolateral portion of the predominantly rostral part of RN (MABUCHI and KUSAMA, 1966; MIzuNo et al., 1973) . Since C-cells are located in the dorsomedial portion and L-cells in the ventrolateral portion of RN (PADEL et al., 1972; POMPEIANO and BRODAL, 1957; ECCLES et al., 1975a, b) , these observations agree with the present results that stimulation of the lateral part of PASC produced EPSPs predominantly in C-cells while stimulation of the medial part of PASC induced EPSPs predominantly in L-cells. These PASC-induced EPSPs were more frequently recorded at the rostra! half of RN than in the caudal half.
Since PASC corresponds to area 5 of HASSLER and MUHS-CLEMENT (1964) which is reciprocally connected with the pericruciate cortex (PCC) (KAWAMURA, 1973; HEATH and JONES, 1971 ), a possibility remains that some of the PASC-induced EPSPs are mediated via the PCC. However, PASC-induced EPSPs were still observed in cats with chronic ablation of PCC. Therefore, it is unlikely that PASC-induced EPSPs were mediated solely by PCC. Similarly, S1-induced EPSPs were also produced in cats with chronic SM ablation. Our result which showed that PS-induced EPSPs were predominantly produced in C-cells may be of significance in view of the fact that PS corresponds to the motor area of the face (WOOLSEY, 1958) . RINvIK (1965) showed that proreus gyrus and MII project their fibers bilaterally to RN. However, proreus-induced and M11-induced EPSPs could not be recorded from both sides. Thus proreus-rubral and M11-rubral projections may not exist or are very sparse if they exist.
Typical slow rise time (about 3 msec) of the cortically-induced EPSPs suggests that PASC-, PS-, S11-induced EPSPs were produced by synapses located on the distal dendrites as SM-rubral synapses (TSUKAHARA and KoSAKA, 1968; TSUKAHARA et al., 1975b) .
Brain stem inputs. Our result which showed that stimulation of PRT produced PSPs is in good accordance with the histological observations (GRAYBIEL, 1974; IToH,1977) . Furthermore, in agreement with previous physiological studies (MASSION, 1961; NISHIOKA and NAKAHAMA, 1973; ECCLES et al., 1975b) , there are peripheral inputs to RN which are not mediated by the cerebellum or cerebral cortex. Our result has shown that ML is the monosynaptic input to RN thus corroborating previous histological and physiological studies (CAJAL, 1909 (CAJAL, -1911 HAZLETT et al., 1972; HAND and LIU, 1966; PADEL and JENESKOG, 1981; Padel, personal communication; Fanardyan, personal communication) .
The mean rise times of PRT-and ML-induced EPSPs are intermediate to those of CP-EPSPs and IP-EPSPs. Furthermore, sensitivities of these PRT-and ML-INPUTS  OF RUBROSPINAL  NEURONS  211 induced EPSPs to membrane hyperpolarization are also intermediate to those of CP-and IP-EPSPs. Therefore, it is likely that synapses of PRT and ML fibers terminate on the dendrites between the sites where SM and IP fibers terminate. This is in agreement with the previous suggestion (TsUKAHARA et al., 1975b ) that some unidentified synaptic inputs exist which terminate between the soma and terminal dendrites. The PRT is one of the key structures of the extrageniculate visual system (KAWAMURA, 1974) and is known to receive visual inputs. RN neurons receive short latency excitation by photic stimulation (MAssIoN,1967, in review) . Visually-evoked responses are likely mediated via the PRT. Similarly, our result that RN neurons receive lemniscal input is consistent with the previous finding that after cerebellectomy, stimulation of the peripheral nerve produced short latency evoked responses in RN (NIsHIOKA and NAKAHAMA, 1973) . However, it must be noted that the PRT-and ML-induced EPSPs are less powerful than IP-EPSPs. Therefore, the main traffic of signals to RN is considered to be mediated by the IP. The present investigations have also shown that new fast-rising components superimposed on the normal slow-rising ones appeared in the PASO-and PYinduced EPSPs after IP-SM lesions and IP-ML lesions, respectively, and that effectiveness of ML stimulation to induce the RN cell unit spike clearly increased following IP-SM lesions. Previous physiological and anatomical investigations have shown that corticorubral fibers sprout and form new synapses on the proximal portion of soma-dendritic membrane of RN neurons after destruction of the cerebellar afferents (TsuKAHARA et a!., 1974 (TsuKAHARA et a!., , 1975a NAKAMURA et a!.,1974; HANAWAY and SMITH, 1978; MURAKAMI et al., 1977 MURAKAMI et al., , 1982 TOLBERT et al., 1982) . Here, we must consider some factors which induce changes in synaptic transmission after partial denervation, such as denervation supersensitivity and change in the cable properties of soma-dendritic membrane of denervated neurons. However, these factors cannot account for the dual peaks of the newly-appeared PASC-and PYinduced EPSPs. Moreover, in the previous study (TsUKAHARA et al., 1975a ) the contribution of the change of cable properties after the IP lesion onto the time-topeak of the CP-EPSPs was examined and we found that it is in fact very small. Therefore, it is likely that, after partial denervations, fibers from PASC and PY sprout and form new synapses on the proximal dendrites of RN neurons. The increase of effectiveness of ML stimulation to activate the unit spike of RN cells is most likely due to the following several mechanisms: (1) sprouting and formation of new synapses of ML-fibers, (2) the denervation supersensitivity, (3) possible increase of excitability of RN cell membrane after partial denervation. Unfortunately, there is no data to decide which is the most likely mechanism. BROMBERG and GILMAN (1978) reported that multiunit activities in the red nucleus show an initial decrease of responses and a subsequent slow recovery after lesions of the contralateral IP. To evaluate whether the restoration of activity dependens upon intact corticofugal fibers, ipsilateral PCC was ablated 6 weeks after the contralateral IP lesion. After the ablation, there was a slow restoration, indicating that other inputs substitute the function of the destroyed IP and PCC.
The present study has suggested that one mechanism of the slow restoration following combined IP and PCC lesions is sprouting and formation of functional synapses from PASC and possibly from ML inputs.
